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ABSTRACT
Thermal desalination is a technique that uses heat or thermal energy to desalinate water, unlike reverse
osmosis. Membrane distillation (MD) is a type of thermal desalination technology having various
configurations. Air gap membrane distillation (AGMD) is one of the more energy efficient MD
configurations, being especially advantageous over other configurations at high salinity. However, the large
mass transfer resistance of the air gap dramatically reduces the permeate flux, impairing performance.
Higher condensation performance can be achieved by using a smaller air gap size, but typical film-wise
condensation flow patterns flood the air gap at the optimal gap size (<1 mm). Experiments show that
dropwise and jumping-droplet condensation regimes, achieved using hydrophobic and superhydrophobic
condensing surfaces respectively, can improve droplet shedding, allowing for thinner gap sizes. A systemlevel numerical model is used to demonstrate that these surfaces could thereby enable improved energy
efficiency (2.1× increase of gained output ratio) while avoiding flooding at gap sizes as small as 0.2 mm.
Superhydrophobic surfaces with directional jumping of droplets, specifically in the direction of gravity, are
also tested and compared to droplets that jump normal to the condensing surface. Novel condensing surfaces
that include a combination of the superhydrophobic and superhydrophilic patterns create flow regimes
having pathways for faster permeate removal. Other condensing surfaces, including SLIPS (slippery liquidinfused porous surfaces) and laser-ablated superhydrophobic patterned surfaces are tested to the check the
extent to which they improve the permeate removal rate while exhibiting different condensation regimes
that merit further exploration.
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1. INTRODUCTION
Membrane distillation (MD) is a thermal desalination technology that uses membranes to distill the salty
feed water. Unlike other types of desalination, the driving force is the vapor pressure difference across the
membrane instead of externally applied mechanical pressure. This vapor pressure difference across the
membrane is the result of the temperature gradient between the feed side and the permeate side of the
system. The membranes are hydrophobic in nature and only allow vapor to pass through, making MD
systems particularly efficient for handling a high-salinity feed. Once the vapor passes through the
membrane, it is condensed and collected on the other side [1,2, 3]. The temperature throughout the system

(operated near atmospheric pressure) is lower than the boiling point of water and generally the feed water
is at 60-90oC, which can be easily attained using waste heat and other low-temperature sources like solar
heaters [3]. If the temperature of heat source is above 100oC, increasing system pressure to prevent boiling
is considered but not preferred due to economic factors and scale formation[4]. At present, the system
energy efficiency of MD is less compared to reverse osmosis (RO) systems because it involves phase
change [5]. But the use of low-grade waste heat can yield a comparable and sometimes lower cost of
operation for MD compared to RO [2,3,6,7]. Membrane distillation is compatible with higher
concentrations than normal RO and therefore can be used to concentrate the brine left out from the RO
process to help reach close to the saturation concentration. [1,8].
Air gap membrane distillation (AGMD) is one of the leading MD configurations owing to its potential to
be highly efficient, especially at high salinity [7]. AGMD is different from other configurations because of
the air gap between the membrane and the condensing surface, as shown in Fig.1. [9, 10]. The air gap
imposes a high thermal resistance between the hot and the cold side to prevent heat loss and improve the
energy efficiency, which is measured as the gained output ratio (GOR). However, the air gap also acts as a
mass transfer resistance, decreasing the permeate flux condensed and collected on the condensing side.
Because the system design goal is to generate more permeate flux without hampering the overall energy
efficiency, the air gap thickness needs to be optimized [10, 11].

Fig.1 Schematic of air gap membrane distillation (AGMD) computational cell for numerical modeling that includes
temperature variations in the concentration boundary layers, flow directions of vapor, heat, feed, cooling water and
condensate [10]. Several hundred such cells are used to model a full membrane module.

Since the thermal resistance of conduction through air is very high, even small air gap thicknesses will
prevent heat loss across the membrane. The mass transfer resistance is sensitive to the air gap thickness,
and even small reductions the air gap lead to higher permeate flux generation. Given to this tradeoff, the
optimal air gap size tends to be much smaller than those available previously. It can be seen in Fig.2(a) that
decreasing air gap size to as small as 0.1 mm increases both GOR and the permeate flux. It is discussed in
detail by Warsinger et.al. in their comprehensive study on condensation flow regimes [10]. The major
obstacle in achieving air gap sizes below 3 mm is the risk of flooding the air gap with the permeate. This
limitation coincides with the order of the capillary length scale of water, and is a function of the
condensation regimes on the condensing plate and the rate at which water is removed out of the system
[10].
In general, vapor condenses to form a laminar film on a condensing surface that thickens as condensate
flows downward. If the air gap size is comparable to the film thickness, flooding will cause the AGMD

system to act like a permeate gap membrane distillation (PGMD) system. Flooding is to be avoided because
water bridging of the air gap results in sharp decrease in thermal resistance, leading to loss of heat from the
feed side to the permeate side.
To overcome the problem of air gap flooding, in recent years researchers have considered modifying the
condensing surface to promote condensation regimes other than film-wise. Coating the condensing surface
with hydrophobic coatings changes the regime to dropwise condensation, whereas superhydrophobic
coatings having high contact angles and extremely low contact angle hysteresis can even lead to selfpropelled jumping of condensate droplets from the surface. Faster droplet shedding at smaller droplet sizes,
as characteristic of these condensing surfaces, has prevented flooding even at small air gap thickness of 0.2
mm. The GOR also increased by 2.1× with more permeate flux generation [10].
In this work, we aim to experimentally evaluate such coatings and condensing surfaces that have the
potential to form different kinds of condensation regimes on the surface. The inclination angle of the
condensing surface can also be varied to observe the effect on the condensation regimes formed. The system
shown in Fig.2(b) has a flexible membrane distillation module on which experiments can be conducted
using different condensing surfaces. Variation in inclination angle while using smooth, flat condensing
surface did not significantly improve the flux output and GOR. But will it affect the condensing regimes of
nano-engineered surfaces differently is investigated in this work [10].
(a)

(b)

Fig.2 (a) Energy efficiency described by the Gained output ratio (GOR) versus permeate flux for varying air gap
thickness [10]. It shows that the optimal gap thickness is below 0.25mm which is far less than the thickness possible
with the current filmwise condensation regimes in AGMD. (b)Membrane distillation setup with flexibility to
change air gap thickness, inclination angle and condensing surfaces.

2. CONDENSATION SURFACES AND FABRICATION TECHNIQUES
The engineered condensation surfaces investigated here are bioinspired, having nano and micro-scale
textures of different morphologies and sizes that alter the surface adhesion and wetting characteristics [12].
In this work, these engineered surfaces are used as condensing surface in the MD setup. A description of
selected engineered surfaces and their special characteristics are as follows:

1. Superhydrophobic surfaces with nanostructures provide high static contact angles (~165o) and very
low hysteresis (< 5 o). During coalescence of droplets on such surfaces, the excess surface energy
causes the coalesced droplet to jump off from the surface. The height and speed of droplet jumping
from such superhydrophobic surfaces can be controlled by varying the size of the nanostructures
[13] and their packing density [14]. It is critical to have control over the height of the jumping
droplets, so as to prevent interaction with the membrane for differing air gap thicknesses, to ensure
fast removal of condensate from the air gap. When the gap size is small, droplet interaction with
membrane will introduce thermal connections across the membrane in addition to restricting
droplet-shedding.
2. Another engineered surface is the shark-fin-like super-hydrophobic surface. The anisotropic nature
of the surface can be controlled during fabrication to impart directional droplet jumping [15, 16].
Directional jumping of condensate droplets can be utilized to enhance droplet-shedding rate in MD
system. It has also been found that the number of droplets jumping from such surfaces is less in
total compared to superhydrophobic surfaces that do not affect the direction of jumping droplet,
due to an increase in the horizontal velocity of the coalesced droplet[17]. Our work will help in
comparing the rate of permeate removal from directional versus normal jumping droplet.
Moreover, we also explore the effect of aligning the jumping direction with gravity in this study.
3. Patterned Biphillic Surfaces are surfaces with areas of super-hydrophobic and super-hydrophilic
characteristics arranged in form of pattern around each other. Super-hydrophilic pathways for liquid
flow on an otherwise superhydrophobic surface is an example of such surface. Such surface are
explored to identify optimized pathway patterns for faster condensate removal [18].
4. Slippery liquid-infused porous surfaces (SLIPS) are hydrophobic surfaces featuring low contact
angle hysteresis and higher droplet mobility compared to smooth hydrophobic surfaces due to the
infused liquid present in the gaps of the surface nanostructures [19]. This infused liquid creates a
liquid-liquid interface at the condensate droplet contact line which gives high droplet mobility, thus
it will lead to easy and faster droplet shedding. The higher nucleation density on SLIPS support the
same [20]. SLIPS are tested in MD setup over a period to observe if the properties degrade after
repetitive use due to removal of the infused liquid [19]. The SEM images (Fig.3) of SLIPS and
CuO nanowire based superhydrophobic surface (before coating) shows the difference in their
nanostructure; which controls the type of condensation happening on the surface.
5. All the above engineered surfaces have issues with fabrication at scale, but superhydrophobic
surfaces created using laser ablation show consistent surface wetting properties irrespective of the
scale. Further, laser ablation is suitable for processing many metals to create desired surface
morphologies. Lasers are accurate and programmable, allowing creation of intricate nanostructures
further enhancing the super-hydrophobicity of a surface [21], [22]. We have tested the variation in
hydrophobicity over time during continuous usage as condensation surface in MD setup , as
degradation is common for many nanostructured superhydrophobic surfaces [23].

(a)

(b)

1
Fig 3. SEM images of (a) CuO nanowires grown on condensing surface before coating it with PDMS, the final step
in making it superhydrophobic; scale bar = 5 µm (b) Slippery liquid infused porous surface (SLIPS); scale bar = 1µm.
The nano-structures on both the surfaces are different resulting in different surface characteristics.

Because the droplet shedding characteristics are inherently affected by the inclination angle of many
superhydrophobic surfaces, all the above surfaces are also evaluated for a varying inclination angle within
the MD setup [24]. We also test the effects of surface geometric features (macroscopic non-flatness) at
millimeter scale on the condensing plate. It will vary the air gap thickness in certain regions of MD system
affecting the mass transfer resistance. Varying mass transfer resistance in the MD system along the length
will affect the condensation regime, Flux rate and GOR. [25]. Fig. 4 shows some types of possible
condensation regimes during AGMD.

Fig.4 Examples of different condensation regimes possible during air gap membrane distillation (AGMD) [10]. The
team members are the first to demonstrate jumping droplet and dropwise condensation.

3. CONCLUSION
We have fabricated and tested different types of condensing surfaces to observe the different condensation
regimes that occur during air gap membrane distillation. The flexible test section of MD system allowed

for investigation of the effect of the inclination angle and size of the condensing surface on the condensation
regimes. The permeate flux and energy efficiency associated with each condensation regime on the different
condensing surfaces are compared.
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